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Coupled Tertiary Folding and Oligomerization
of the T1 Domain of Kv Channels
fragments, reveal that the isolated T1 domain is a 4-fold
symmetric tetramer (Kreusch et al., 1998; Minor et al.,
2000). Although the T1 tetramer is present in the mature
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Kv channel in the plasma membrane (Kobertz et al.,Philadelphia, Pennsylvania 19104
2000), the precise resemblance to the isolated T1 tetra-
mer in the crystal structure is unknown, and it may be
dynamically altered by the functional state of the chan-Summary
nel (Cushman et al., 2000; Minor et al., 2000).
The T1 domain, while predominantly a recognitionAcquisition of secondary, tertiary, and quaternary
agent, is multipurpose. It serves to dock auxiliary pro-structure is critical to the fabrication, assembly, and
teins, which, in turn, modulate both assembly and func-function of ion channels, yet the relationship between
tion (Shi et al., 1996; Yu et al., 1996; Gulbis et al., 2000;these biogenic events remains unclear. We now ad-
Deutsch, 2002, 2003), and to direct Kv channels to axo-dress this issue in voltage-gated K channels (Kv) for
nal locations (Gu et al., 2003). Additionally, the T1 do-the T1 domain, an N-terminal Kv recognition domain
main may modulate gating of Kv channels (Cushman etthat is responsible for subfamily-specific, efficient as-
al., 2000; Minor et al., 2000; Kurata et al., 2002; but seesembly of Kv subunits. This domain forms a 4-fold
Kobertz and Miller, 1999). If T1 is to serve a recognitionsymmetric tetramer.We have identified residues along
function, or a scaffolding function, or act as a templatethe axial T1-T1 interface that are critical for tertiary
to nucleate transmembrane tetramerization, then properand quaternary structure, shown thatmutations at one
T1 tetramers must form early in biogenesis. This appearsend of the axial T1 interface can perturb the crosslink-
to be the case. T1 domains of nascent Kv channel pep-ing of an intersubunit cysteine pair at the other end,
tides self-associate while still attached to ribosomes,and demonstrated that tertiary folding and tetrameri-
prior to synthesis of pore sequences (Lu et al., 2001).zation of this Kv domain are coupled. A threshold level
This intersubunit interaction is promoted by the ERof tertiary folding is required for monomers to oligo-
membrane, presumably due to the membrane’s abilitymerize. Coupling between tertiary and quaternary
to concentrate and/or restrict the orientation of T1 do-structure formation may be a common feature in the
mains, thereby speeding oligomerization (Zerangue etbiogenesis of multimeric proteins.
al., 2000; Lu et al., 2001). Such membrane-dependent
mechanisms could protect against premature foldingIntroduction
and oligomerization of membrane proteins prior to tar-
geting to the ER membrane.In spite of the multitude of different K channel subunits
Initially, we set out to understand the molecular deter-typically found in individual cells, only specific combina-
minants of T1 tetramerization in the ER. Which interfacetions of monomers are observed in the tetrameric chan-
residues are important for T1 tetramer formation, andnels. This is, in part, due to recognition domains en-
what contributions do they make? Which side chaincoded in the channel subunits themselves. In the case
mutations can be tolerated at the interface? Do any ofof voltage-gated potassium (Kv) channels, subunit as-
these mutations affect tertiary folding of the T1 mono-sembly in the endoplasmic reticulum (ER) is specific.
mer? The answers will provide the basis for exploringFor example, only members of the same Kv1-Kv4 sub-
the hypothesis that folding, to form the tertiary structure,families coassemble to form channels (Covarrubias et
and oligomerization, to form the quaternary structure,
al., 1991; Xu et al., 1995). This is due to a highly con-
are coupled events facilitated by the ER membrane (Lu
served sequence in the cytosolic N terminus of Kv chan-
et al., 2001; Kosolapov and Deutsch, 2003). To elucidate
nels, christened the “T1 domain” (first tetramerization the contributions of T1 residues at the intersubunit in-
domain) (Li et al., 1992; Shen et al., 1993). Although T1- terface along the 4-fold symmetry axis, we have sys-
deleted Kv subunits associate promiscuously via trans- tematically mutated them to small, large aromatic, hy-
membrane association domains to form stable, func- drophobic, and charged side chains. We evaluated
tional channels, both the rates and efficiency of channel tetramerization with a crosslinking assay (Lu et al., 2001)
formation are significantly lower (Tu et al., 1996; and tertiary structure formation with a folding assay that
Deutsch, 2002). Thus, the T1 domain facilitates channel we recently developed (Kosolapov and Deutsch, 2003).
tetramerization. Even an artificial recognition domain These studies were carried out in mammalian ER mem-
engineered with suitable properties (e.g., specificity, branes because it is in this compartment, during biogen-
high affinity, tetrameric symmetry) can serve as a recog- esis, that the T1 domain folds completely and tetra-
nition domain for Kv channel assembly (Zerangue et merizes (Lu et al., 2001; Kosolapov and Deutsch, 2003).
al., 2000). The T1-T1 interaction is robust and stable We used a rabbit reticulocyte lysate system supple-
(Pfaffinger and DeRubeis, 1995; Cushman et al., 2000; mented with microsomal membranes. This in vitro sys-
Minor et al., 2000; Lu et al., 2001; Strang et al., 2001), and tem faithfully recapitulates folding, oligomerization, and
therefore T1 is a superb candidate for crystallographic function of membrane proteins (Marquardt et al., 1993;
study. Such studies, carried out on soluble, isolated T1 Hebert et al., 1998), exemplified, for example, by its
ability to support complete assembly of the 7-subunit
T cell receptor-CD3 complex (Huppa and Ploegh, 1997).*Correspondence: cjd@mail.med.upenn.edu
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Likewise, this in vitro system supports formation of
Kv1.3 T1 domains (Lu et al., 2001; Kosolapov and
Deutsch, 2003). Our findings suggest that acquisition of
tertiary and quaternary structure in the T1 domain is
coupled and that mutations in the N-terminal region of
the T1 domain disrupt subunit-subunit interactions as
far as 25 A˚ away in the C-terminal region of the T1
domain.
Results
Previously, we have shown that T1 domains can be
intermolecularly crosslinked using an R118C/D126C
mutant of Kv1.3 that contains no other cysteines (Lu et
al., 2001). The location of the R118C/D126C pair at the
T1-T1 intersubunit interface is shown in Figure 1A for
the correspondingly homologous Kv1.1a T1 crystal
structure (Kreusch et al., 1998). These cysteines are
predicted to be within 3–3.5 A˚ of one another in the
final mature T1 tetramer. When cRNA for R118C/D126C
Kv1.3 is translated in an in vitro system in the presence
of microsomal membranes, these cysteines can be
crosslinked to give dimers, trimers, and tetramers of
Kv1.3 (Figure 1B). We now use this oligomerization assay
to probe the contributions of hydrophilic interface side
chains to the stabilization of the T1 tetramer. Our strat-
egy involves mutating residues along the axial T1-T1
intersubunit interface and evaluating the impact on
R118C/D126C crosslinking. The axial distance was ap- Figure 1. T1 Tetramerization Assay
proximated as the nearest side chain atom to the  (A) Top view ribbon representation of Kv1.1a, taken from the crystal
carbon of D126 in Kv1.3 (analogous to D140 in Kv1.1a) structure (Kreusch et al., 1998). Kv1.3 T1 is virtually identical to
and includes a range of4–26 A˚ for the series of mutants Kv1.1a T1 (95% homology). The spacefill residues correspond to
R118 (blue) and D126 (red) in Kv1.3, which have been mutated intested (Figure 1C). Residues along this T1-T1 interface
our experiments to cysteines in a cysteine-free Kv1.3 background.were mutated to small (A), large aromatic (W), charged
This construct has been used previously to assess T1 tetrameriza-(E or D), or hydrophobic (L) residues and subjected to
tion (Lu et al., 2001). Native residues in these positions are within acrosslinking with ortho-phenyldimaleimide (PDM), a couple of angstroms of each other according to the crystal structure.
small bifunctional crosslinker with an intermaleimide (B) Intersubunit crosslinking of R118C and D126C in otherwise cys-
distance of 6 A˚. teine-free full-length Kv1.3. Constructs were translated in a rabbit
reticulocyte lysate in the presence of 35S-methionine and micro-Crosslinking is shown in Figure 2A for selected mu-
somal membranes and treated with ortho-phenyldimaleimide (PDM,tants in the R118C/D126C Kv1.3 background. Some mu-
500 M) as described previously (Lu et al., 2001). Numbers to thetants, e.g., R116A, R116E, and R116L, give strong cross-
left of the gel represent molecular weight standards in kD.linking phenotypes (lanes 1–3), whereas the others (C) Mutations in the axial T1-T1 intersubunit interface. Representa-
(lanes 4–8) do not, despite the approximately equal tion of two adjacent T1 domains perpendicular to the 4-fold symme-
translation and integration of channel protein into the try axis of the T1 tetramer. The spacefill residues are R118C and
D126C, used in the crosslinking assay, and R53, N57, R62, T65,microsomal membrane (data not shown). It is possible
R101, Q112, and R116, positions at which mutations were made.that mutated Kv1.3 channels that inhibit crosslinking do
The ruler to the right is the axial distance (A˚) between the side chainso because the mutation renders the 118 and/or 126
of the indicated residue and the  carbon of residue D126.cysteines unreactive or inaccessible. Alternatively, the
lack of crosslinking could reflect a conformational
change with concomitant disruption of the T1-T1 inter- tent of PDM modification. The extent of the PDM reac-
tion can again be assayed using a mass-tag strategy,face. To distinguish these possibilities, we preincubated
mutants with N-ethylmaleimide (NEM) and then deter- e.g., reaction with polyethylene glycol thiol (PEG-SH;
MW  5 kDa) to label free maleimides attached to themined residual free cysteines with a mass-tag pegyla-
tion assay (Lu and Deutsch, 2001). Free cysteines will protein (Kosolapov and Deutsch, 2003). Proteins that
have reacted with PDM will contain a free available ma-be modified with polyethylene glycol maleimide (PEG-
MAL), and the labeled protein shifted 10 kDa on an leimide that can be reacted with PEG-SH and will thus
be apparent as a 10 kDa gel shift. Proteins containingSDS-PAGE gel. All constructs, including those that
could not be crosslinked (Figures 2A and 2C), reacted a cysteine that has not reacted with PDM will appear at
the unshifted parent molecular weight. In lane 2 of Figurecompletely with NEM (data not shown), suggesting that
the mutations do not prevent ionization of R118C and 2B, the bands labeled “0,” “1,” and “2” correspond to
unpegylated monomer, singly pegylated monomer, andD126C. To test for steric hindrance, as well as reactivity,
specifically to the crosslinking agent PDM, we first prein- doubly pegylated monomer, respectively, whereas the
higher molecular weight bands observed at 116 kDa andcubated with PDM, followed by assessment of the ex-
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Figure 2. Crosslinking of T1 Mutants of Kv1.3
(A) Full-length R118C/D126C Kv1.3 con-
taining one mutation in the T1-T1 interface
was translated in ER membranes and cross-
linked with 500 M PDM as described in Fig-
ure 1. Lanes 1–8 show crosslinking results
for mutants R116A, R116E, R116L, R116W,
N57E, N57W, Q112A, and Q112W, respec-
tively. Gels are 4%–12% Bis-Tris NuPAGE.
Monomers, dimers, trimers, and tetramers
appear as bands at 58, 116, 174, and 232 kDa,
respectively. The doublet for the monomer
represents unglycosylated (lower band) and
ER glycosylated (upper band) protein.
(B) Reaction of PDM with mutant R118C/
D126C. Selected constructs that did not
crosslink were pretreated with PDM (500 M,
30 min) and assayed with PEG-SH as de-
scribed previously (Kosolapov and Deutsch,
2003) to assess cysteine accessibility. Only
R118C/D126C crosslinks (lane 2) to give di-
mers, trimers, and tetramers. However, all
R118C/D126C monomers are labeled with
PDM to give the distribution of the lower three
bands shown in lane 2. Mutant T1s give the
same monomer distribution (lanes 4, 6, 8).
(C) Fraction of total T1 mutant crosslinked.
Mutants were translated and crosslinked with
PDM as described in Figure 1. The fraction
of each mutant that is monomer is shown in
blue; dimer, trimer, and tetramer are colored
gray, yellow, and green, respectively. Data
are mean  SD for n  3. Data with no error
bars shown had SD 0.01. The number under
each residue position is the axial distance
(in A˚) along the T1-T1 interface from the 
carbon of D126 to the closest atom of the
mutant side chain. *Indicates nonfunctional
mutants when tested in oocytes.
higher represent pegylated and unpegylated multimers mutants shown in Figure 2C are not significantly cross-
linked (10%). Several results are noteworthy. First, res-(dimers, trimers, tetramers). These higher molecular
weight species cannot be resolved under these condi- idue 57 is 26 A˚ away from R118C/D126C, yet mutations
at position 57 inhibit crosslinking. Second, with the ex-tions. A comparison of the monomer bands (levels 0, 1,
and 2) indicates that all constructs react equally well ception of position 53, a tryptophan side chain in all
positions tested drastically inhibits (90%) crosslinkingwith PDM to give similar relative amounts of pegylated
monomers (lanes 2, 4, 6, 8). This indicates that PDM has of R118C and D126C. Third, for mutations at positions
65, 101, and 116, crosslinking depends on the side chainlabeled the same amount of R118C/D126C, regardless
of whether there is a mutant residue at the T1-T1 inter- at that position. Fourth, with the exception of tryptophan
substitution, position 116 has surprisingly little impactface. These results suggest that altered reactivity and
accessibility of R118C and/or D126C in the interface on the ability of R118C and D126C to crosslink. This is
especially intriguing considering that R116E, represent-mutant constructs are not responsible for the lack of
crosslinked multimers. Rather, the intervening distance, ing a charge reversal, has little effect.
To verify that the time for crosslinking during the ex-flexibility, and/or orientation of R118C and D126C in
the mutant T1 constructs relative to the R118C/D126C periment is sufficiently long to permit a maximum extent
of crosslinking, we studied the time-dependent cross-background peptide must have been altered to account
for the inability of T1 axial interface mutants to be cross- linking with PDM. As shown in Figure 3A, crosslinking
to produce dimers, trimers, and tetramers has reachedlinked.
The tetramerization assay was performed on a series a maximum level within 1 min using either 500 or 50 M,
but not 5 M PDM. Time course experiments were thusof interface mutants. The fraction of total protein present
as monomer, dimer, trimer, and tetramer for all the mu- carried out using 5 M PDM and quenched with 1 mM
DTT, a 200-fold excess of reactive thiols per maleimide.tants probed in this fashion is shown in Figure 2C. The
R118C/D126C control crosslinks to give55% multimers, Quenching is fast relative to the protein modification
reaction, occurring in 30 s (data not shown). The rateand mutation of the arginine side chain at position 116 to
alanine, glutamate, or leucine gives similar crosslinking. constant for the R118C/D126C control (Figure 3B) is
241 M	1s	1. Our time course data show that the maxi-R101A yields 35% multimers, T65V yields 45%, all
substitutions at position 53 give25%–40% multimers, mum extent of modification is reached within a few min-
utes at 50–500 M PDM or within30 min at 5 M PDM.and R62L gives 30% multimers. All other T1 interface
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interface (Figure 4A), which may provide enough stabili-
zation to drive tetramerization, i.e., rescue. The pre-
dicted outcomes for coexpression of wt channel and
nonfunctional mutant are (1) functional wt homomers
and wt mutant heteromers plus nonfunctional mutant
homomers, (2) segregated assembly to form functional
wt homomers plus nonfunctional mutant homomers, or
(3) functional wt homomers plus nonfunctional mutant
homomers and wt mutant heteromers. The first case
would produce a functional phenotype that is intermedi-
ate between wt and mutant. The second case would
produce wt current similar to currents obtained from
expression of wt alone. The third case would produce a
wt phenotype with a reduced level of current (dominant-
negative suppression of wt by the mutant). To discrimi-
nate these possibilities, we exploited the dramatically
different properties of the homomeric wt and homomeric
R118C/D126C (in the cysteine-free background) chan-
nels, namely, the inactivation time constants, which dif-
fer by a factor of 10 (Figure 4B, yellow and green traces,
respectively), and the conductance versus voltage
curves, the midpoints of which are50 mV apart (Figure
4C, yellow and green traces, respectively). wt Kv1.3 in-
activates with a time constant of 1261  141 ms (n 
5) and has a V1⁄2 of 	14.6  2.1 mV (n  5). The values
Figure 3. Time Course of Crosslinking for R118C/D126C are 100  17 ms (n  3) and 34.7 
(A) Concentration dependence of PDM crosslinking. R118C/D126C 3.2 mV (n  3), respectively. Coexpression of wt and
Kv1.3 was incubated with 500, 50, or 5 M PDM for 1 min, quenched
R118C/D126C (black trace) gave intermediate pheno-with DTT, and run on a 4%–12% NuPAGE gel. Numbers to the left
types for inactivation kinetics (355  33 ms [n  5]) andare molecular weight standards in kD.
voltage-dependent conductance (6.5  4.4 mV [n  5]).(B) Fraction of crosslinked multimer versus time. (Left panel) R118C/
D126C was incubated with PDM (5 M) for the indicated times and Coexpression of all the nonfunctional mutants with wt
processed as described in (A). At 30 min, an additional bolus of Kv1.3 gave current, the magnitude of which was greater
PDM was added to an identical parallel sample, bringing the concen- than or equal to wt Kv1.3 alone. Moreover, coexpres-
tration to 50 M. After 2 min, this sample was quenched, and the
sion, for example, of Q112W/R118C/D126C (blue traces)fraction of crosslinked multimer plotted in the right panel at 50 min
gave intermediate electrophysiological phenotypes. Ta-along with the other time points, calculated as the fraction of total
ble 1 summarizes the results (
inact and V1⁄2) obtainedprotein crosslinked (Folig), as described for Figures 2C and 6.
for each of the mutants coexpressed with wt. With the
exception of T65D, all nonfunctional mutants (see aster-
To understand the relationship between the mutated
isks in Figure 2C) coassemble with wt to give intermedi-
T1-T1 interface and the function of the channel, we un- ate phenotypes with V1⁄2 between	15 and31 mV, and/dertook a complete electrophysiological characteriza- or 
inact between 1261 and 100 ms. These results showtion of the mutants shown in Figure 2C. Current traces that a T1 interface stabilized by a wt subunit can electro-
for each mutant that expressed current are shown in physiologically rescue a nonfunctional T1 mutant.
Supplemental Figure S1 at http://www.neuron.org/cgi/ Whether two mutant subunits can contribute to the same
content/full/45/2/223/DC1/. Mutants N57E, T65D, R101A, T1-T1 interface is unknown, as is the precise stoichiome-
R101D, R101L, R101W, Q112W, and Q112A in the 118C/ try of the functional channels. However, four mutant
126C background, did not express current. All of the subunits simultaneously contributing to the four T1-T1
other mutants expressed current with the characteristic interfaces appears to be prohibited.
biophysical parameters given in Supplemental Table S1. Do T1 domains that fail to oligomerize do so because
Functional mutants, for the most part, did not show they fold incorrectly? Or do they fold perfectly well, but
significant differences in their biophysical properties. the oligomeric intersubunit T1-T1 interface is disrupted
There was no obvious correlation between any of these in the mutants? In previous work, we have speculated
electrophysiological parameters and the fraction of mo- that tertiary folding and oligomerization may be coupled
nomer determined in the crosslinking experiment. How- through events at the ER membrane. Although T1 tertiary
ever, nonfunctional mutants had a high average proba- folding begins shortly after the nascent T1 domain
bility, 0.95  0.12, of having a monomeric T1, whereas emerges from the ribosome, in the absence of ER mem-
functional channels had a range of monomeric T1 proba- branes (Kosolapov et al., 2004), folding is completed at
bilities from 0.5 to 1.0. the ER (Kosolapov and Deutsch, 2003). We have also
Can nonfunctional mutants be rescued by coassem- shown previously that only at the ER can tetramerization
bly with functional subunits? For tetrameric T1 domains, of T1 be detected (Lu et al., 2001). We suggest that
each subunit has two interfaces, one of which could the ER membrane serves to couple tetramerization and
be disrupted directly by a single point mutation at that tertiary folding. If this is true, then we should observe a
interface (Figure 4A). Coassembly with a wild-type (wt) correlation between folding and tetramerization. Using
a folding assay (Kosolapov and Deutsch, 2003) and asubunit is expected to have at least one normal T1-T1
Coupled Folding and Oligomerization of T1
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Figure 4. Rescue of Nonfunctional R118C/
D126C Kv1.3 Mutants by wt Kv1.3
(A) Cartoon of a single mutant (mut) subunit
assembled with three wild-type (wt) subunits
(left) and four mutants assembled into a ho-
motetramer (right). The jagged edge repre-
sents the mutant T1 interface; the smooth
edge represents the normal interface of the
wild-type subunit.
(B) Normalized current traces showing inacti-
vation at 50 mV for selected mutants of
R118C/D126C Kv1.3 coexpressed with wt
Kv1.3. Xenopus oocytes were injected with
mixtures of cRNA for wt:R118C/D126C Kv1.3
or wt:mutant R118C/D126C Kv1.3 in a mole
ratio of 1:10. The data were fit by a single
exponential to obtain inactivation time con-
stants (Table 1).
(C) Normalized conductance versus voltage
for selected mutants of R118C/D126C Kv1.3
coexpressed with wt Kv1.3 as described in
(B). Data were fit by a Boltzmann function to
obtain V1⁄2 (Table 1).
tetramerization assay (above), we evaluated this hypoth- indicating that two maleimides are available in the un-
folded (LDS-treated) protein, but not in the folded pro-esis for the mutants shown in Figure 2C. The folding
assay relies on intramolecular crosslinking of pairs of tein. In contrast, Figure 5B shows that R62W/Q72C/
G114C does not fold, i.e., lane 3 indicates free peptidylcysteines engineered at the folded T1 monomer inter-
face. As determined previously, Q72C/G114C is an effi- maleimides (bands at levels 1 and 2), and lane 3 does
not differ significantly from lane 6, which reflects LDS-cient pair for this purpose. All mutants were made in
the Q72C/G114C Kv1.3 background, which is otherwise unfolded protein. These data can be used to calculate
a probability of crosslinking, which is a measure of thecysteine-free and functional. The cRNA was translated,
then subjected to either (1) pegylation with PEG-MAL probability of tertiary folding,Pfold (see “Analysis of Pegy-
lation Ladders” in Experimental Procedures; see alsoto assay for free cysteines (two free cysteines in this
case; lane 1, Figure 5), (2) treatment with PDM followed Kosolapov and Deutsch, 2003). Pfold for all constructs
is shown in Figure 5C. The values for Pfold range fromby treatment with PEG-MAL to assess residual free cys-
approximately zero to 0.8. For all constructs, Pfold wasteines (lane 2), or (3) treatment with PDM followed by
the same regardless of the concentration of cRNA usedtreatment with PEG-SH to assess residual free peptidyl
in the range of 0.1–1.0 g/25 l and of the buffer (phos-maleimides (lane 3). In Figure 5A, Q72C/G114C was
phate-buffered saline [PBS] or HEPES) used in the fold-treated according to the above protocols. In addition,
ing assay (data not shown).lanes 4–6 show the results of first denaturing Q72C/
Two interpretations can be offered for the observationG114C with LDS and then applying the folding assay.
of partial folding, e.g., Pfold 0.6. One is that it reflectsIn Figure 5A, lane 6 differs dramatically from lane 3,
a homogeneous population of partially folded protein,
and the other is that it reflects a heterogeneous popula-
Table 1. Mutant Rescue Electrophysiology tion in which a fraction, Pfold, is fully folded and the re-
mainder is unfolded. To distinguish between these twoConstruct V1⁄2 (mV) 
inact (s	1) n
possibilities, we measured Pfold at two PDM concentra-
wt Kv1.3 	14.6  2.1 1261  141 5 tions: 5 M and 500 M. The logic and the data are as
R118C/D126C 34.7  3.2 100  17 3
follows. The completely folded population will crosslinkwt: R118C/D126C 6.5  4.4 355  33 5
as soon as the first cysteine (e.g., 72C) of the pair Q72C/wt: N57E 	5.3  1.9 865  178 10
G114C binds a PDM molecule. The effective concentra-wt: Q112W 2.3  2.8 644  123 10
wt: Q112A 	1.8  2.1 512  32 10 tion of a maleimide tethered in the vicinity of the unre-
wt: R101D 	4.7  1.0 1223  204 3 acted cysteine (e.g., 114C) is very high, and therefore
wt: R101W 	1.2  2.3 1036  127 3 this cysteine will be modified at an exceedingly high
wt: R101L 	1.0  2.0 832  143 3 rate, i.e., before a second PDM molecule can indepen-
wt: R101A 	4.3  2.5 824  183 5
dently bind to it. Decreasing PDM concentration willwt: T65D 	11.8  4.3 1413  164 5
slow the initial binding of the first PDM, which in turn
All mutants are in the R118C/D126C background. Data are will slow the overall rate of crosslinking but not neces-
mean  SD.
sarily the final extent of labeling that is used to calculate
Neuron
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Figure 5. Folding Assay for Selected T1-T1
Interface Mutants of Q72C/G114C Kv1.3
(A) Crosslinking of Q72C/G114C construct
(lanes 1–6). Lanes 1–3: Peptide was treated
with PEG-MAL (lane 1) or first with PDM and
then PEG-MAL (lane 2) or first with PDM and
then PEG-SH (lane 3). Lanes 4–6: All samples
were first pretreated with LDS. LDS samples
were subsequently treated with PEG-MAL
(lane 4) or with PDM and then PEG-MAL (lane
5) or with PDM and then PEG-SH (lane 6).
(B) Crosslinking of R62W/Q72C/G114C (lanes
1–6) as described in (A). For each gel, num-
bers on the left are molecular weight stan-
dards in kD, and numbers on the right indicate
singly pegylated (1), doubly pegylated (2), and
unpegylated (0) protein. All samples were
treated with strongly reducing conditions just
prior to MAL-pegylation to minimize oxidation
of cysteines. These experiments were done
in the presence of microsomal membranes.
Unpegylated protein appears as a doublet at
the predicted molecular mass of 58 kDa. The
upper band of the doublet is due to ER core
glycosylation; the lower one is unglycosy-
lated Kv1.3 peptide. Core glycosylation is not
readily discerned at higher molecular weights.
(C) Calculated probability of crosslinking,
Pfold. For the mutants indicated, folding
assays were performed as described in (A).
Data, plotted as means  SD (n  3), were
obtained using equations described under
“Analysis of Pegylation Ladders” in the Ex-
perimental Procedures.
Pfold. Slowing the rate might permit significant impair- 0.03 (n 2) for 5 M PDM, consistent with the presence
of a homogeneous, partially folded population.ment of the cysteine and/or the maleimide on the teth-
ered PDM due to competing reactions (e.g., oxidation, Instead of reflecting the conformational states of
static populations, Pfold might assay the fraction of timehydrolysis). This would lower the Pfold value. Thus, a
heterogeneous population would predict either no that the structure is properly folded. This is indistinguish-
able from a static homogeneous population of partiallychange or a decrease in Pfold with decreasing PDM con-
centration. In contrast, a homogeneous population of folded protein if the kinetics of folding and unfolding are
faster than those of crosslinking (i.e., the time-averagedpartially folded T1 domains would yield an increase in
Pfold with decreasing PDM concentration. The explana- pool is equivalent to a homogeneous pool). Neverthe-
less, in either scenario Pfold is an indicator of maturetion is as follows. If Pfold is 0.6, for example, then in
the homogeneous population all of the pairs are, on tertiary structure.
When T1 oligomerization is plotted against T1 tertiaryaverage, relatively far apart. Pfold is low because each
of the two cysteines (Q72C and G114C) can react with folding for different interface mutants (Figure 6), the frac-
tion of protein that oligomerizes (Folig) is independent ofa separate PDM molecule before a single PDM molecule
can crosslink the pair of cysteines. Lowering the PDM folding (Pfold) until a threshold (Pfold 0.6) is reached. At
higher Pfold, Folig monotonically increases with Pfold. Thereconcentration decreases the binding rate of an unat-
tached PDM to the second cysteine of the pair, there- is little relationship between the degree of coupling and
the color-coded distance between the mutated residuefore, allowing the crosslinking reaction to occur. Thus,
although decreasing the PDM concentration would de- and the C terminus of T1 (Figure 6). These results indi-
cate that tertiary folding and oligomerization are highlycrease the overall rate of crosslinking, it would also
increase Pfold. At 500 M PDM, Pfold was 0.58  0.10 for coupled (correlation coefficient  0.86). Furthermore,
and even more provocatively, the results suggest thatR62E/Q72C/G114C (n  3; Figure 2C) but was 0.79 
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the T1 domain is primed for protein-protein interactions,
whereas the unusual buried polar interface is poised to
move apart and serves a functional purpose related to
gating (Minor et al., 2000). Although we know that the
T1 tetramer exists in the full-length channel in the plasma
membrane (Kobertz et al., 2000; Sokolova et al., 2001)
and in the ER membrane (Lu et al., 2001; Kosolapov
and Deutsch, 2003), the detailed role of axial interface
residues in assembly of the membrane-embedded, full-
length Kv1.3 is unknown. We therefore probed the struc-
ture of the T1 domain attached to the rest of the Kv
protein residing in the membrane. A tryptophan scan
along the axial T1-T1 interface bears on the intactness
of protein-protein interactions along this interface, be-
Figure 6. Oligomerization versus Folding
cause a bulky tryptophan is expected to disrupt protein-
Fraction intersubunit crosslinking (Folig) in mutants in the R118C/ protein interactions but not protein-lipid or protein-D126C background (data from Figure 2C) plotted against Pfold ob-
aqueous interactions (Monks et al., 1999; Hong andtained from the folding assay for the same mutants in the Q72C/
Miller, 2000; Hackos et al., 2002). Our results demon-G114C background (data from Figure 5C). The data points are col-
ored according to the pseudocolor scale (right) of axial distance (A˚) strate that tryptophan substitution at positions all along
between the side chain and the  carbon of residue D126. Red the axial T1-T1 interface disrupts R118C/D126C cross-
represents the closest distance, and violet represents the farthest linking. This suggests that protein-protein interactions
distance, according to the distances depicted in Figure 1C. A linear are manifest along the entire length of the axial T1-
regression was fit to the data in the Pfold range 0.58–0.85, giving a
T1 interface of Kv1.3 at this biogenic stage in the ERcorrelation coefficient of 0.86.
membrane and may be required for T1 tetramer forma-
tion. Whether these interactions exist at later stages
remains to be determined. The one exception is thethe T1 domain cannot oligomerize in the absence of a
R53W mutant, which exhibits only moderate inhibitionthreshold level of tertiary structure.
of crosslinking (22% crosslinking). This residue is situ-
ated at the very N terminus of the T1 domain with itsDiscussion
side chain partially exposed to water, thus providing a
less sterically hindered environment for the tryptophan.The T1 domain of Kv channels serves both architectural
Other mutants containing residues that are completelyand functional roles. It is important for subfamily specific
surrounded by protein are more markedly inhibitedrecognition during assembly of Kv channels (Li et al.,
from crosslinking.1992; Shen et al., 1993; Lee et al., 1994; Xu et al., 1995),
A series of interface mutations produced a number ofstability of the full-length channel (Strang et al., 2001),
interesting observations. First, mutations of residues as
association with auxiliary subunits (Shi et al., 1996; Yu
far away as 25 A˚ (e.g., N57E, W) can disrupt the interac-
et al., 1996; Gulbis et al., 2000; Deutsch, 2002, 2003),
tion between residues R118C and D126C. This observa-
anchoring of gating modulators (e.g., the inactivation tion eliminates the possibility that the N and C termini of
particle) in a preinactivated state (Zhou et al., 2001), the T1 domain are uncoupled at this stage of biogenesis.
modulation of voltage-dependent gating (Cushman et Two scenarios can explain the ability of distal mutations
al., 2000; Minor et al., 2000; Kurata et al., 2002), and to inhibit crosslinking of R118C and D126C. The muta-
axonal targeting of the channel (Gu et al., 2003). What tion prevents T1-T1 association. Alternatively, perturba-
are the structural determinants of this critical domain? tion of a site 25 A˚ away from residue 57 in T1 could
In this study, we investigated the intersubunit interface, involve a series of short-range interactions that propa-
attempting to understand which interface residues per- gate along the T1-T1 axial interface (Cushman et al.,
mit, and which prohibit, T1 domain formation. 2000; Fodor and Aldrich, 2004).
Some 20 amino acids with polar or charged side The second feature to emerge from our interface scan
chains form the T1-T1 intersubunit interface, and this is that not all positions have the same consequence for
feature is conserved (Kreusch et al., 1998; Bixby et al., T1 tetramerization. We classify the interface residues
1999; Minor et al., 2000). Approximately 30% of the T1 into high-impact and low-impact residues for disruption
domain residues are charged, and70% of the interface of tetramerization, e.g., R101, N57, and Q112 are high-
residues are charged. This unusually high density of impact residues, and R53 and R116 are low-impact resi-
charged groups is likely nature’s choice for ensuring dues. The high-impact residues have multiple (20 to 30)
high specificity and affinity through oriented electro- H bonds and van der Waals interactions with neigh-
static interactions across the T1-T1 interface. These boring atoms (within 7 A˚). Low-impact residues interact
electrostatic interactions are manifest along the entire with fewer surrounding atoms (20). A series of T1 mu-
length of the axial interface in the isolated T1 tetramer. tants were also generated by Strang et al. from a random
Hydrophobic residues at the interface would provide an screen of Kv1.1a (Strang et al., 2001). These mutations
energetically more favorable situation but would pro- occurred at both subunit interfaces and noninterface
mote promiscuous hydrophobic interactions. While we regions. In both cases, tetramer formation and function
favor this specificity argument, Minor and coworkers were disrupted. None of these residues correspond to
those mutated here in Kv1.3. While the study of Strangsuggest that the relatively hydrophobic outer surface of
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et al. demonstrated that disruption of T1 tetramerization suggests that either tertiary structure is stabilized by
also disrupts function, it did not systematically evaluate quaternary structure, or vice versa, or both. Two exam-
the interface, N-terminal to C-terminal, to identify which ples from Kv1.2, T46V and T46D, are noteworthy (Minor
residues are critical determinants of the T1-T1 interface. et al., 2000). T46V forms a more stable T1 tetramer, is
Electrophysiologically, seven out of eight mutants that functional, and shows no gross change in crystal struc-
failed to function also failed to crosslink (Figure 2C). ture. This is consistent with our results for the corre-
However, not all mutants that failed to crosslink failed sponding residue in Kv1.3, T65V (Figures 2C, 5C, and 6).
to function, suggesting that for these mutants functional T65V forms crosslinked multimers similar to the control,
channels are capable of assembling within transmem- folds into a tertiary structure that is similar to control,
brane regions, in spite of a malformation of the cytoplasmic and is electrophysiologically functional (herein and Ko-
recognition domains. This result is consistent with ear- solapov and Deutsch, 2003). In contrast, T65D disrupts
lier studies demonstrating that sites in the central trans- T1 tetramerization, is not functional, and prevents mono-
membrane core of Kv channels facilitate intersubunit mer T1 folding into its tertiary structure, and circular
association (Tu et al., 1996). Moreover, compared to dichroism of the isolated T1 protein shows little evidence
analogous mutations made in other Kv isoforms, the for properly folded structure (Minor et al., 2000; Kosola-
side chain appears to determine whether or not current pov and Deutsch, 2003). Finally, nonexpressing mutants
is detected. For example, an alanine scan of Kv1.2 (Mi- can be functionally rescued by forming heterotetramers
nor et al., 2000) shows that Q93A, which corresponds with wild-type Kv1.3. This suggests that at least one
to Q112 in Kv1.3, does not express current. However, mutant T1 interface might be induced to fold correctly
in Kv1.3, Q112R, but not Q112A or Q112W, expresses by association with a wild-type subunit, consistent with
current. Similarly, Kv1.2 R34A (equivalent to Kv1.3 R53A) folding and tetramerization being coupled in the ER.
is not functional. However, R53A is functional, as are The studies presented herein demonstrate that tertiary
other substituted side chains at this position (e.g., E, L, folding and tetrameric assembly of T1 are linked and
W). In Kv1.2, F77A is not functional, but F77W is func- begin to define the relationship between folding events
tional. These variations could be explained by steric as in Kv channel ontogeny.
well as electrostatic interactions with surrounding side
chains, as well as by the sensitivity of different isoforms Experimental Procedures
to T1 interface disruption.
Constructs and In Vitro TranslationThe shift of voltage-dependent activation in the Kv1.3
Standard methods of bacterial transformation, plasmid DNA prepa-R118C/D126C control (V1⁄2 35 mV; Table 1) and most of
ration, and restriction enzyme analysis were used. The nucleotidethe mutants compared with wt Kv1.3 (V1⁄2 	15 mV) is sequences of all mutants were confirmed by automated cycle se-
likely due to D126C, as similarly dramatic rightward quencing performed by the DNA Sequencing Facility at the School
shifts have been reported in Kv1.2 for mutation of the of Medicine on an ABI 377 Sequencer using Big dye terminator
analogous residue (Minor et al., 2000). Minor and co- chemistry (A0BI). All mutant DNAs were sequenced in the region of
the mutation. pSP/Kv1.3 cysteine-free/R118C/D126C/ was gener-workers showed that mutations and replacement of
ated as described previously (Lu et al., 2001), and mutations wereKv1.2 T1 with an unrelated tetramerization domain slow
introduced into this background using a QuikChange Site-Directedactivation, concluding that T1 may also participate in
Mutagenesis Kit (Stratagene, La Jolla, CA) and the relevant sense
the activation process. Similarly, a T1-deleted Shaker and antisense oligonucleotides. Likewise, pSP/Kv1.3 cysteine-free/
channel activates more slowly than wild-type Shaker Q72C/G114C/ was generated as described previously (Kosolapov
(Kobertz and Miller, 1999). In the case of Kv1.3, most of and Deutsch, 2003). For rescue experiments, wt refers to pSP/Kv1.3.
Capped cRNA was synthesized in vitro from linearized templatesthe R118C/D126C mutants activate more quickly than
using Sp6 RNA polymerase (Promega, Madison, WI). Full-lengthcontrol R118C/D126C (Supplemental Table S1 at http://
Kv1.3 linearized template was generated using EcoRI enzyme diges-www.neuron.org/cgi/content/full/45/2/223/DC1/). The
tion. Proteins were translated in vitro with [35S]Methionine (2 l/25electrophysiological phenotypes for interface mutations
l translation mixture; 10 Ci/l Express; Dupont/NEN Research
are consistent with a role for the T1 domain in gating. Products, Boston, MA) for 120 min at 30C in the presence of canine
The most striking feature to emerge from our com- microsomal membranes in rabbit reticulocyte lysate according to
bined analyses of tetramerization and tertiary folding is the Promega Protocol and Application Guide.
that these two events appear to be coupled. Our results
show that a minimum tertiary conformation is required Gel Electrophoresis and Fluorography
Electrophoresis was performed using the NuPAGE system and pre-for quaternary association (stabilization). For some di-
cast Bis-Tris 10% or 4%–12% gels. Gels were soaked in Amplifymeric proteins, a significant proportion of overall stabil-
(Amersham Corp., Arlington Heights, IL) to enhance 35S fluorography,ity is contributed by quaternary structure (Neet and
dried, and exposed to Kodak X-AR film at room temperature. Typical
Timm, 1994). We might even suggest that the energy of exposure times were 16–30 hr. Quantitation of gels was carried out
T1 tetramerization contributes to tertiary folding of the directly using a Molecular Dynamics PhosphorImager (Sunnyvale,
T1 monomer, perhaps by restricting the conformational CA), which is very sensitive and detects cpm that are not necessarily
visualized in autoradiograms exposed for 16–30 hr. Thus, somedegrees of freedom of the T1 monomer. Our results
bands, at the level of 5%–10% of the protein, are not visible but areeliminate the possibility that a tetramer can form in the
detected by PhosphorImaging.absence of tertiary folding. Whereas some tertiary fold-
ing of the monomer occurs in the absence of tetrameri-
Oocyte Expression and Electrophysiologyzation, as shown previously (Kosolapov and Deutsch,
Oocytes were isolated from Xenopus laevis females (Xenopus I,
2003), additional tertiary folding at the ER membrane is Michigan) as described previously (Chahine et al., 1992). Stage V–VI
accompanied by tetramerization. Although the temporal oocytes were selected and microinjected with0.1 ng cRNA encod-
sequence of tertiary and quaternary T1 folding events ing for wild-type, or mutant Kv1.3. K currents from cRNA-injected
oocytes were measured by two-microelectrode voltage clampingis not known, the coupling at this stage of biogenesis
Coupled Folding and Oligomerization of T1
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using a OC-725C oocyte clamp (Warner Instrument Corp., Hamden, MAL, MW 5000; Nektar Therapeutics) were treated with 10 mM
-mercaptoethanol to prevent oxidation, which inhibits pegylation.CT) after 24–48 hr, at which time peak currents at 50 mV were
2–10 A. Electrodes (1 M) contained 3 M KCl. The currents were Samples destined for pegylation with methoxy-polyethylene-thiol
(PEG-SH, MW 5000; Nektar Therapeutics) received 50 l PBS con-filtered at 1 kHz. The bath Ringer solution contained 108 mM NaCl,
10 mM KCl, 1.8 mM CaCl2, 2 mM MgCl2, 5 mM HEPES (pH 7.6). The taining only 1% LDS. All LDS-treated samples were diluted with
either 50 l PBS containing PEG-MAL to give a final concentrationholding potential was 	100 mV. For experiments in which inactiva-
tion kinetics were determined, we fit the current at 50 mV with a of PEG-MAL of 20 mM and 5 mM -mercaptoethanol or 50 l PBS
containing PEG-SH to give a final concentration of 20 mM PEG-SH.single exponential relaxation using the simplex algorithm (Clampfit,
Axon Instruments). Activation kinetics were measured between 0 The pegylation reaction reached a constant maximum value by 1
hr of incubation at 4C and the PDM reaction reached a constantand 80 mV with a rise time (tr) calculated from a single exponential
fit of the current between 10 and 90% of maximum outward current. maximum value by 5 min. The folding results obtained were similar
regardless of whether the assay was carried out in PBS or HEPESFractional recovery was measured using a two-pulse protocol. Cur-
rents were recorded in response to pairs of 1500 ms depolarizing buffer (data not shown).
pulses to 50 mV, with interpulse intervals of variable duration
at	100 mV. The fraction of recovery was quantified as (Ipeak2 	 Imin1)/ Analysis of Pegylation Ladders
As described in Kosolapov and Deutsch (2003), for any given con-(Ipeak1	 Imin1), where Ipeak1 and Ipeak2 represent the peak currents elicited
by the first and second depolarizing pulse, respectively, and Imin1 struct, radioactive protein incubated with PEG-MAL or PEG-SH was
detected as distinct bands on NuPAGE gels and quantified usingrepresents the minimal outward current observed at the end of the
first depolarizing pulse (Levy and Deutsch, 1996). The data (frac- PhosphorImaging. The data were analyzed as follows. For each
lane, j, of the gel, the fraction of total protein molecules with exactlytional recovery) were fit by an exponential function to give a recovery
time constant (
rec). For gV curves, conductance was obtained from i pegylated cysteines was calculated as Wj(i )  cpm(i )/cpm(i )
(Equation 1), where cpm(i ) is the counts per minute in the ith bin.peak outward currents, using the reversal potential determined from
tail current measurements. Normalized voltage-dependent conduc- For example, in Figures 5A and 5B, in which each Kv construct has
two cysteines, i ranges from 0 to 2. If each cysteine is assumed totance was fit by a Boltzmann function to give a voltage of half-
maximal conductance (V1⁄2). Activation, inactivation, and recovery label to the same final extent, the fraction Fj of individual cysteines
pegylated in the jth lane is iWj(i )/N (Equation 2), where N is thetime constants, as well as Boltzmann parameters, are reported as
mean  SD. total number of cysteines in the protein molecule. For the gels in
Figure 5, F1 is the fraction of individual cysteines labeled by PEG-
MAL (lane 1). F2 is the fraction of individual cysteines labeled byOligomerization Assay
PEG-MAL after treatment with PDM (lane 2). From lane 3, the fractionTo determine the optimum conditions for these crosslinking experi-
of individual cysteines that has reacted with both PDM and PEG-ments, we varied the time of translation, PDM (Sigma Chemical Co.,
SH is F3.St. Louis, MO) concentration, and incubation time (data not shown)
Crosslinking by PDM does not occur after LDS denaturation (Ko-to maximize multimer formation. The following conditions were used
solapov and Deutsch, 2003). By comparing the labeling in denaturedin all experiments. Translation reaction was diluted (1:100) into a
versus nondenatured protein, we can estimate the crosslinking effi-solution containing 50 mM NaCl, 1 mM MgCl2, 20 mM HEPES. PDM
ciency as follows. After LDS pretreatment (e.g., gels in Figure 5,(500M) was added, and the mixture was incubated for 5 min at 4C,
lanes 4–6), FPDM-LDS is the fraction of individual cysteines labeled withwhich was sufficient to achieve maximal final labeling. Treatment for
PDM, given by FPDM-LDS  (F1 	 F2)/F1 (Equation 3). From the same30 min gave the same amount of crosslinking as 5 min. The mixture
gel, F3  FPDM-LDS PPEG-SH (Equation 4), where PPEG-SH is the probabilitywas quenched with DTT (5 mM) and centrifuged through a sucrose
that an individual cysteine labeled with PDM has reacted with PEG-cushion (120 l containing 0.5 M sucrose, 100 mM KCl, 50 mM
SH. Thus, PPEG-SH  F3/{(F1 	 F2)/F1} (Equation 5).HEPES, 5 mM MgCl2, 1 mM DTT [pH 7.5]) at 50,000 rpm for 7 min.
Using this estimate of PPEG-SH, we now can determine the probabil-The pellet was collected and solubilized in loading buffer and run
ity of a pair of cysteines being crosslinked by PDM in the absenceon LDS-NuPAGE gel (Bis-Tris, 4%–12%). The fraction of crosslinked
of LDS pretreatment (e.g., gels in Figure 5, lanes 1–3). As above,multimers was the same in both HEPES and PBS buffers (data not
the fraction of individual cysteines labeled by PDM is FPDM  (F1 	shown). For crosslinking determinations done at 5 M PDM, the
F2)/F1 (Equation 6). The fraction of available free peptidyl maleimidestranslation mixture was first pelleted through a sucrose cushion,
after PDM labeling in this case is FfMAL  F3/PPEG-SH (Equation 7),resuspended, and crosslinked with PDM.
where F3 is determined from lane 3 in the gels of Figure 5, and
PPEG-SH was estimated as described above from LDS-pretreated pro-
Folding Assay tein. Finally, the probability of a pair of cysteines being crosslinked
A folding assay was recently developed in our laboratory (Kosolapov by PDM is Pxlink  FPDM 	 FfMAL (Equation 8). In previous papers, we
and Deutsch, 2003) and used as follows. Translation reaction (10–20 have used Pxlink as defined here, but we now assign it a new name,
l) was added to 500 l PBS (Ca- and Mg-free, 2 mM EDTA [pH Pfold, in this paper to obviate any confusion by the reader between
7.3], containing 2 mM DTT). The suspension was centrifuged at crosslinking in the oligomerization experiments and crosslinking in
50,000 rpm and 4C for 7 min, through a sucrose cushion (120 l the tertiary folding experiments.
containing 0.5 M sucrose, 100 mM KCl, 50 mM HEPES, 5 mM MgCl2,
2 mM DTT [pH 7.5]). The pellet was resuspended in 50 l (for LDS- Acknowledgments
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